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Abstract 
In this paper, we present the results of a Second Law analysis of a highly efficient, solar thermochemical reaction system for the 
production of syngas using micro- and meso-channel process technology.  The evaluation includes the initial conversion of solar 
energy/exergy into physical energy/exergy and its subsequent conversion into chemical energy/exergy through the catalytic, 
endothermic reforming reaction, including quantifications of exergy destruction for components and the overall system.  Possible 
applications include the combustion of the product syngas in a hybrid, solar/natural gas power plant, providing an efficient solar 
augment to the natural gas fuel; the thermochemical storage of solar energy, as part of an open or closed-cycle storage process; 
the production of hydrogen for use in fuel cells and for other purposes; and the production of synthetic fuels such as methanol or 
long-chain hydrocarbons.  The analyses show that the overall process is exergetically-efficient and consistent with First Law and 
economic analyses.  Finally, opportunities for improving the exergetic efficiency of the process are identified and discussed 
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Nomenclature 
α solar thermochemical augment 
CSP concentrating solar (thermal) power 
DNI direct normal insolation 
DOE Department of Energy 
Ex exergy 
ExCH chemical exergy 
ExDES exergy destruction 
ExTOTi Sum of all exergy components of the fluid stream at state point “i” 
ε exergetic efficiency 
GW gigawatts 
HHV Higher Heating Value 
kWe kilowatt-electric 
kWt kilowatt-thermal 
LCOE levelized cost of electricity or energy 
MMPT Micro- and Meso-channel Process Technology 
PNNL Pacific Northwest National Laboratory 
SMR steam-methane reformer 
To Temperature of the “dead state”, 25oC (298.15 K) 
TRL Technology Readiness Level 
TWh terawatt-hours 
1. Introduction 
Among the goals of the U.S. Department of Energy (DOE) is the advancement of Concentrating Solar Power 
(CSP) technologies – improving their efficiencies and costs – to achieve competitiveness in the intermediate power 
market by 2015 and the baseload power market by 2020.  A specific objective is to enable a levelized cost of 
electricity (LCOE) from CSP systems of not more than 6¢/kWh without subsidies such as the federal investment tax 
credit.  If this LCOE goal is achieved, DOE estimates that CSP electrical generation could grow from about 512 
megawatts of electricity in the USA in 2010 to as much as 28 gigawatts (GW) by 2020 and 83 GW by 2050, with 
generation of 137 terawatt-hours (TWh) per year by 2030 and 412 TWh by 2050.  Associated with this would be an 
increase in the size of the US CSP workforce, from about 4500 in 2010 to 63,000 in 2030 and 81,000 in 2050 [1]. 
In this paper, we will discuss a Second Law analysis and other evaluations of an approach that enables CSP 
technologies to be developed and commercialized in the near-term as part of a hybrid generation system that 
produces electricity from a combination of solar and fossil energy.  Because the approach makes use of solar 
concentrators that are already in development and an existing powerblock that is low-cost and efficient, it offers an 
opportunity to accelerate the establishment of additional manufacturing infrastructure that mass produces CSP 
subsystems at costs that fall as greater numbers are produced and as learning curves are established. 
2. System concept:  using concentrated solar energy to boost the energy content of a fuel for a combined-cycle 
power system 
Our approach is being developed as part of an overall electrical generation approach that places a solar steam-
methane reforming (solar SMR) reaction system as the frontend of a conventional natural gas combined-cycle power 
plant.  Our concept uses solar concentrators to accomplish a solar thermochemical augment, thus increasing the 
higher heating value (HHV) of methane prior to its consumption in a mature, high-efficiency, state-of-the-art, 
combined-cycle power plant. [2] 
The solar thermochemical reaction system makes use of the high-temperature heat that is available from 
parabolic dish (or, alternately, from central receiver) solar concentrators to increase the chemical energy (fuel) 
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content of a reacting stream, in this case to convert methane to synthesis gas (“syngas”) via the following “steam 
reforming reaction”: 
CH4 + H2O Æ CO + 3H2 
This reaction, which is represented in idealized form above, efficiently absorbs thermal energy from the 
concentrated solar energy that is incident upon one surface of the reactor, providing heat for the highly endothermic 
reaction that additionally cools the metal surface.  In actual operation, along with carbon monoxide and hydrogen, 
the syngas product will include some carbon dioxide plus unreacted water and methane.  After water is condensed 
and removed from the product stream, the syngas can be burned in the combustion turbine portion of a high-
efficiency, natural gas combined-cycle power plant or used for other purposes. 
 
 
Figure 1.  Assembled Solar Thermochemical Reaction System in initial on-sun operation. 
 
Our system also has several attributes that make it attractive for near-term commercialization: 
x The backend, combined-cycle power plant is already well developed, operates at high efficiency (>60%), and 
can be constructed with relatively low capital costs compared to other power generation options. 
x The power block can operate around the clock, regardless of the availability of sunlight and without a 
requirement for energy storage, thereby providing dispatchable power. 
x The concentrators and the solar thermochemical reaction system can be implemented as retrofits to existing 
natural gas-fired power plants and other natural gas-consuming facilities where a reasonable solar resource 
exists. 
x The system increases the energy content of the fuel but does not increase its carbon content; hence the power 
plant operates with reduced carbon emissions per kWh generated.  A solar augment (α) of 25% implies a 20% 
reduction in carbon dioxide emissions from the powerplant. 
x The development and path to this system is relatively short and can be commercialized and in operation at 
multiple locations by 2020. 
Finally, our preliminary estimates suggest that the solar thermochemical reaction system can be mass-produced at 
sufficiently low costs to enable the production of electrical power at a LCOE below 6¢/kWh. [3] 
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3. Solar SMR development at the Pacific Northwest National Laboratory 
3.1. Micro- and meso-channel process technology 
Our concepts for a solar SMR have been designed to make use of the concentrated solar energy from a parabolic 
dish concentrator, as pictured in Figure 1.  Components in the system make use of micro- and meso-channel process 
technologies (MMPT) which reduce hardware size through the exploitation of the rapid heat and mass transport that 
is available using micro-channels and meso-channels.  A micro-channel is defined as a flow channel having at least 
one dimension in the sub-millimeter range – typically 100 to 500 microns.  Meso-channels are slightly larger flow 
channels, with one dimension typically less than one centimeter.  Because thermal and mass diffusivities scale with 
inverse hydraulic diameter (DH), tenfold to hundredfold improvement in these heat and mass transfer processes can 
be realized in micro- and meso-channel architectures.  While the channels have micron dimensions, the devices do 
not. 
The use of micro- and meso-channels enables process intensification and high transfer effectiveness in 
components of modest size, reducing the exergy destruction associated with heat transfer and thermochemical 
reactions. 
Most micro- and meso-channel components are composed of massively parallel arrays of short channels.  Short 
flow paths similarly result in acceptably low pressure drops in these devices. 
3.2. Previous experimental work 
As part of an earlier DOE project, conducted in 2010 and 2011, we successfully demonstrated a first prototype 
of the solar thermochemical reaction system, rated at Technology Readiness Level 3 (TRL 3) operating it on-sun 
with the parabolic dish concentrator from Infinia Corporation. [4] 
The design for the TRL 3 reactor unit, which is being re-used in the TRL 4 system, was based on several years of 
experience at PNNL developing and testing micro-channel reactors and heat exchangers.  A simplified version of the 
process diagram for the assembled solar thermochemical reaction system is depicted in Figure 2, with the items in 
the gray box included within an Infinia-provided nacelle.  Water and methane were fed to the system by positive 
displacement pumps and mass flow controllers, respectively, to control the steam-to-carbon ratio and overall flow 
rate.  Each stream was initially preheated by the exhaust stream of the reforming operation through the use of a 
counter-flow micro-channel recuperative heat exchanger as shown. 
In our previous work, which was based on an approach for thermochemical energy storage for dish-Stirling 
power systems, we anticipated the eventual incorporation of an exothermic methanol synthesis reactor that also 
could provide heat for steam generation.  Instead, the initial prototype included an electrically heated micro-channel 
heat exchanger to provide saturated steam for the reactor.  Conveniently, this unit brings greater flexibility for 
experimentally determining the operating characteristics of the reactor. 
Because the methane reforming reaction is highly endothermic, solar energy was effectively converted to 
chemical energy within the reformer, with an overall solar-to-chemical energy conversion efficiency of 63±4%, 
based upon the increase in the Higher Heating Value of the stream and the Direct Normal Insolation that was 
incident upon the dish-concentrator. 
With funding for a follow-on project from the DOE SunShot Initiative, we are currently working to improve the 
solar thermochemical reaction system in two ways.  First, we are working to develop a “high-fidelity” system, 
advancing it through TRLs 4, 5 and 6, that will demonstrate higher solar-to-chemical energy conversion efficiencies.  
Second, we are working to develop mass-production methods that will enable the unique elements of the system, 
including reactor and heat exchangers, to be fabricated at reasonably low costs.  It is in the context of this work that 
our Second Law analyses, as reported below, have been prepared. 
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Figure 2.  Flow Schematic of the On-Sun Methane Reforming System. 
 
4. Second law analysis of solar steam methane reforming system 
Our analysis follows the development of Second Law analyses that are taught in a number of textbooks. [5, 6, 7]  
To consider the Second Law performance of a solar SMR system, we examined a thermochemical process system 
that is designed to make use of the high temperature heat from a parabolic dish concentrator to drive the 
endothermic steam reforming reaction, with a separate source of heat being used to vaporize steam.  An alternate 
would be to provide all thermal requirements from the parabolic dish, but we are also aware that less expensive 
approaches are available – for example, providing for steam generation through the use of a cheaper concentrator 
that produces lower-quality heat – and it was a specific object of our investigation to consider the efficiency of this 
type of configuration. 
4.1. Calculations 
In this paper, we evaluate the current solar thermochemical reaction system, a moderate fidelity (i.e., Technology 
Readiness Level 4 [TRL4]) system that is presently in testing, with the following considerations: 
x The solar SMR includes internal thermal recuperation, a provision that generally reduces exergy destruction in 
the reactor and, accordingly, the amount of concentrated solar energy required to support the SMR reaction.  
Alternately, it may lead to higher exergetic efficiencies in endothermic reactors that are operated at slightly 
lower temperatures.  This leads to reduced capital costs as high temperature concentrators and high temperature 
materials for reactors and heat exchangers can be an expensive portion of the overall solar SMR. 
x As currently configured, the TRL 4 system requires a separate source of heat for steam generation – such as a) 
lower-quality heat from a cheaper solar concentrator, b) recuperation from a lower-temperature heat source in 
the powerplant, for example low-pressure steam such as is commonly extracted from the turbine outlet for 
feedwater heating, c) a second thermochemical reaction (such as a water-gas shift reactor or a methanol synthesis 
reactor), d) the incorporation of a low delta T heat pump to recover thermal energy from water condensation 
downstream of the solar SMR – which would be provided at the water vaporizer.  Note:  The current TRL 4 
system incorporates an electrical resistance heater as a surrogate for heat for the vaporizer. 
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x We model the reforming reaction as occurring with a steam-to-carbon ratio of 2.0:1 and a reactor zone exit of 
850°C.  In addition, the solar energy requirement for the solar SMR is set at 10 kWt.  Other values are calculated 
in the ChemCad file, including the percent of methane conversion, which is the equilibrium value for these 
conditions, and the thermal energy requirement for the vaporizer (2.9535 kWt). 
x We currently assess the system as if there are no pressure drops in the fluid streams, based in part on preliminary 
calculations that suggest that irreversibilities associated with fluid friction will not introduce substantial 
additional exergy destruction. 
x Our calculation of exergetic efficiency includes the chemical exergy in the calculation when there is a change in 
the chemical composition of the stream.  For components where there are no changes in the chemical content of 
streams, such as for pure heat exchangers or mixers, we do not include the chemical exergy in the exergetic 
efficiency calculation.  This will allow us to consider the exergetic efficiencies of heat exchangers in a different 
light than if the chemical exergy were also included. 
Property and composition data are presented in Tables 1 and 2, with the State Points corresponding to those 
identified in Figure 2.  Properties are as calculated by ChemCad with the exception that the chemical exergy values 
were taken from published tables in Szargut et.al. [5]. In addition, physical exergy values were calculated using the 
enthalpies and entropies from ChemCad, adjusted so that the physical exergy of pure streams are zero at 1.0 STP.  
Higher Heating Values and Chemical Exergy values for individual chemicals are provided in Table 3 and exergy 
destruction and exergetic efficiencies calculated from the physical properties are presented for individual 
components in Table 4.  Pressure drops within individual components were assumed to be negligible for the baseline 
flowsheet; this enables additional studies that examine the effect of exergy destruction through fluid friction.  Note 
also that all state points are single phase fluids except for 10, 11 and 12, which are two-phase as they contain some 
liquid water. 
 
 
 
 
 
Table 1.  Current Experimental Solar Thermochemical Reaction System
Temp Pressure Mass Flow Enthalpy Entropy HHV ExPH ExCH ExTOT
(°C) (psia) (g/sec) (kJ/sec) (kJ/K/sec) (kJ/sec) (kJ/sec) (kJ/sec) (kJ/sec)
1 Methane 25.0 100 0.778 -3.63543173 -0.004696 43.218 0.231 40.313 40.5440
2 Methane 93.9 100 0.778 -3.50939854 -0.004316 43.218 0.244 40.313 40.5568
3 Water 25.0 100 1.747 -27.7413298 -0.015797 0.000 0.000 0.087 0.0873
4 Water 155.6 100 1.747 -26.7755789 -0.013132 0.000 0.171 0.087 0.2584
5 Water 164.4 100 1.747 -23.8222155 -0.006370 0.000 1.108 0.921 2.0297
6 Reactants 145.6 100 2.525 -27.3312903 -0.010364 43.208 1.256 41.234 42.4906
7 Reactants 649.7 100 2.525 -23.3021128 -0.003544 43.208 3.252 41.234 44.4862
8 Products 694.0 100 2.525 -13.3068606 0.007736 54.370 2.780 47.290 50.0706
9 Products 165.6 100 2.525 -17.3360382 0.001745 54.370 0.537 47.290 47.8276
10 Products 98.9 100 2.525 -18.3017891 -0.000652 54.370 0.286 47.290 47.5765
11 Products 96.8 100 2.525 -18.4280381 -0.000973 54.370 0.256 47.290 47.5459
12 Products 45.0 100 2.525 -19.9484213 -0.005130 54.370 -0.025 47.290 47.2649
State Points
Material
Table 2.  Fluid Stream Compositions
H2 CH4 CO CO2 H2O
1-2 Methane 1.00000
3-5 Water 1.00000
6-7 Reactants 0.33300 0.66700
8-12 Products 0.60837 0.01772 0.14910 0.04027 0.18454
Molar FractionsState Points
Material
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4.2. Component evaluations 
Methane and Water Preheaters:  The evaluation of exergy destruction and exergetic efficiencies for the methane 
and water preheaters is performed using the thermodynamic data from Table 1.  Since no chemical composition 
changes occur in either of these heat exchangers, we use the physical exergy (ExPH), as follows: 
ExDES-methane preheater = ExPH2 + ExPH9 – ExPH1 – ExPH10 = 0.018 kJ/sec 
εmethane preheater = (ExPH10 + ExPH2)/(ExPH9+ExPH1) = 0.417 
ExDES-water preheater = ExPH11 + ExPH4 – ExPH10 – ExPH3 = 0.080 kJ/sec 
εwater preheater = (ExPH3 + ExPH10)/(ExPH11 + ExPH4) = 0.681 
The exergetic efficiencies of these two units are not particularly high, implying that efforts could be made to 
improve them.  However, as Table 3 shows, the exergy destruction of each is small compared to the total exergy 
destruction in the system; the value of improving each of these heat exchangers to further reduce exergy destruction 
is limited. 
Water Vaporizer:  Calculating the exergy destruction and the exergetic efficiency of the water vaporizer is a bit 
more complex than in the water and methane preheaters and depends upon the quality of the heat that is used, which 
in turn depends upon the source of the heat.  As previously mentioned, there are multiple sources of heat for the 
water vaporizer, ranging from heat of relatively low quality such as process steam from the powerplant, heat from a 
lower-cost solar concentrator (e.g., a linear Fresnel system) or heat that originates as energy with a high exergy 
ExCH HHV
(kJ/mol) (kJ/mol)
Methane CH4 831.65 891.1
Water H2O 9.5 0
Hydrogen H2 236.1 286.2
Carbon 
Monoxide
CO 275.1 283
Carbon 
Dioxide
CO2 19.87 0
Chemical
Table 3.  Chemical Exergies and Higher Heating Values 
for Stream Components
Table 4.  Component Exergy Balances
Exergy Out Exergy In
Exergy 
Destruction
Exergetic 
Efficiency
(kJ/sec) (kJ/sec) (ExDES, kJ/sec) (ε)
Methane 
Preheater
0.013 0.031 0.018 0.417
Water 
Preheater
0.171 0.251 0.080 0.681
Vaporizer 1.108 1.441 - 3.125 0.333 - 2.017 0.768 - 0.355
Mixer 1.256 1.352 0.096 0.929
High Temp 
Recuperator
1.996 2.243 0.247 0.890
SMR 49.699 51.215 - 53.652 1.516 - 3.953 0.970 - 0.926
Radiator -0.025 0.256 0.281 -0.099
System 46.893 49.464 - 53.585 2.570 - 6.692 0.875 - 0.948
Depends upon heat source 
and position of control 
volume
Depends upon position of 
control volume; includes 
Chemical Exergy
Comments
ε is negative due to not 
including the increase in 
exergy in the cooling (air) 
stream
Component
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component (e.g, the exothermic heat of reaction associated with the methanol synthesis or additional hydrogen 
generation through a water-gas shift reaction). 
In addition, the calculation depends upon the selection of the control volume boundary for the vaporizer.  For 
example, if the control volume includes the receipt of solar energy in a Fresnel concentrator, the energy for steam 
generation begins as radiant solar energy which has an exergy content of nearly 100%.  Alternately, if the control 
volume is drawn around the vaporizer only, then the energy for steam generation starts at less than 100% exergy.  
We assume two cases.  In the first, we assume that the thermal energy source is at a temperature T = 250°C (523.15 
K), implying an exergy content of 43.0% (1.2703 kJ/sec, based on 1-To/T where To is the temperature of the “dead 
state”, 25oC).  For the second case, we assume that the thermal energy source is 100% exergy (2.9535 kJ/sec). 
The exergy destruction and exergetic efficiencies of the vaporizer, for the first case, are: 
ExDES-vaporizer = 1.2703 kJ/sec + ExPH4 - ExPH5 = 0.3333 kJ/sec 
εvaporizer = (ExPH5)/(1.2703 + ExPH4) = 0.7688 
For the alternate case, where the energy for water vaporization is assumed to have 100% exergy content, the 
exergy destruction and exergetic efficiencies of the vaporizer are: 
ExDES-vaporizer = 2.9535 kJ/sec + ExPH4 - ExPH5 = 2.0165 kJ/sec 
εvaporizer = (ExPH5)/(2.9535 + ExPH4) = 0.355 
Consideration of both sets of numbers is valuable, especially considering that the former set provides insights 
about the integration of the solar SMR system with other sources of heat and that the latter set provides insights for 
the process engineer that is attempting to thermally integrate within the solar SMR system. 
Mixer:  The exergy destruction and exergetic efficiency of the mixer is calculated as follows: 
ExDES-mixer = ExPH2 + ExPH5 – ExPH6 = 0.0961 kJ/sec 
εmixer = ExPH6/(ExPH2+ExPH5) = 0.9290 
As with the water and methane preheaters, the small amount of exergy that is destroyed in this unit operation 
implies that only slight improvements could be made in the mixer of the process network to reduce exergy 
destruction in the mixer. 
High Temperature Recuperator:  The function of the high temperature recuperator is to cool the products of the 
chemical reactants by heating the reactants prior to their entry into the reaction.  Achieving high exergetic efficiency 
for this unit operation is accomplished through the use of interleaved microchannels – that have small heat transfer 
distances (and resistances) to minimize exergy destruction by way of heat transfer -- that are configured to operate in 
a counterflow mode.  In addition, preheating the reactants to the high temperature (649.7°C, per Table 1) reduces the 
amount of concentrated solar energy that otherwise would be required in the solar SMR. 
The exergy destruction and exergetic efficiency of the high temperature recuperative heat exchanger are 
calculated from the parameters in Table 1 as follows: 
ExDES-recuperator = ExPH8 + ExPH6 – ExPH7 – ExPH9 = 0.247 kJ/sec 
εrecuperator = (ExPH7 + ExPH9)/(ExPH8+ExPH61) = 0.890 
This is a reasonable exergetic efficiency for a microchannel recuperative heat exchanger.  In the interest of 
reducing exergy destruction in this unit and the solar SMR, we believe further improvements are possible. 
Solar SMR:  As with the water vaporizer, exergy destruction and the exergetic efficiency of the solar SMR 
depends upon where the control volume is drawn.  Again, we choose to consider two cases, one where the control 
volume is drawn to include only the reactor (and its internal recuperation) and the other where the control volume 
includes the receipt of radiant energy from the concentrator.  This allows us to draw insights about both the 
performance of the reactor and the additional subsystem that considers the concentrator and the cavity receiver. 
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Since the reactor creates a change in the chemical composition, both the chemical exergy and the physical exergy 
of the reacting stream are considered.  In the first case, we assume that the solar energy crossing the control volume, 
entering the reactor, is thermal energy at 950°C (1223.15 K); the exergy content of this energy is 75.624% of 10.0 
kWt (7.5624 kJ/sec, based on 1-To/T).   Exergy destruction and exergetic efficiency of this case are calculated as 
follows: 
ExDES-smr = 7.5624 kJ/sec + ExTOT7 – ExTOT8 = 1.5156 kJ/sec 
εsmr = ExTOT8/(7.5624 + ExTOT7) = 0.9704 
The exergetic efficiency of the reactor is obviously quite high, in part because the reactor has been designed to 
internally recuperate – through counterflowing streams – a significant amount of heat, approximately 1.17 kJ/sec, 
from the product stream into the reaction zone.  Another large contributor to the exergetic efficiency of the reactor is 
the effective preheating of the reactants in the other heat exchangers.  These two points reduce the amount of energy 
needed from the solar concentrator.  However, as the total exergy destruction in the SMR is relatively high (1.5156 
kJ/sec) compared to other components in the process network, we expect that additional improvements will reduce 
exergy destruction in the unit; for example, by improving the internal recuperation – by reducing the heat transfer 
distance/resistance – between the counterflowing product channels and the reaction channels. 
For the second case, we shift the control volume so that the incoming energy consists of photons and recalculate 
these parameters to include the irreversibilities associated with converting radiant energy from the concentrator into 
thermal energy.  Here, the exergy content of the radiant energy is assumed to be 100% and the exergy destruction 
and exergetic efficiencies are calculated as follows: 
ExDES-smr = 10.0 kJ/sec + ExTOT7 – ExTOT8 = 3.9532 kJ/sec 
εsmr = ExTOT8/(10.0 + ExTOT7) = 0.9263 
The difference in exergy destruction between the two cases, 3.9532 – 1.5156 = 2.4376 kJ/sec and reflects the fact 
that the efficiency of the endothermic reaction, like any heat engine, will be directly proportional to the operating 
temperature; hence, our desire to operate the SMR at high temperatures (e.g., 850°C).  In other words, exergy 
destruction is one of the costs associated with converting concentrated solar energy into thermal energy in support of 
a fundamentally thermochemical reaction.  The only way to reduce this difference in the two values is to find a way 
to run the reaction at a higher temperature.  Considering this option, of course, can have implications on reactor 
materials and the cost and long-term reliability of the reaction system. 
Radiator:  The final unit operation to consider is the radiator, the function of which is to cool the syngas stream 
and condense water, so that it can be separated via a vapor-liquid separator, for recycle.  The unit is designed to cool 
the syngas to 45°C using air, therefore dumping the heat from heat exchanger to the environment.  For this reason, 
we do not consider the exergy increase in the air stream as useful and consider it as part of the exergy that is 
destroyed in the process. 
The exergy destruction and exergetic efficiency of the radiator are calculated as follows: 
ExDES-radiator = ExPH11 – ExPH12 = 0.2810 kJ/sec 
εradiator = (ExPH12)/ExPH11 = -0.0988 
This calculation contains the artifact that the exergetic efficiency, as calculated, appears to be negative.  This is 
not unprecedented, as others have calculated negative exergetic efficiencies for some chemical processes. [5]  
However, in this case, we believe that the reason for the negative value includes the fact that we are not including 
the exergy change in the air stream in the calculation.  More importantly, we note that the exergy destruction in the 
process is calculated to be 0.2810 kJ/sec.  While this is relatively low, we also note that the cumulative exergy 
destruction in the low temperature unit operations, which includes the methane and water preheaters, totals 0.3788 
kJ/sec.  This is sufficiently high to consider potential improvements to increase the exergetic efficiency of the 
overall system through improved thermal integration of this portion of the process network. 
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4.3. Overall oystem evaluation 
The overall exergy destruction and the overall exergetic efficiency of the overall process network are calculated 
in a similar way to how these parameters are calculated for individual components based on the total (chemical and 
physical exergy) for the inlet and outlet streams of the system.  In addition, we once again consider the two cases 
where the control volume is drawn such that we separately consider exergy destruction associated with incoming 
energy for the reactor and the vaporizer at 100% exergy content and, respectively, at 950°C and 250°C.  For the first 
case, the exergy destruction and exergetic efficiency for the overall system are calculated as follows: 
ExDES-system = 1.2703 kJ/sec + 7.5624 kJ/sec + ExTOT1 + ExTOT3 – ExTOT12 = 2.5704 kJ/sec 
εsystem = ExTOT12/(1.2703 kJ/sec + 7.5624 kJ/sec + ExTOT1 + ExTOT3) = 0.9480 
As with many of the individual components in the process system, the overall exergetic efficiency of the system 
is quite high, nearly 95%, implying a reasonably-well integrated thermochemical process network.  However, given 
that the total exergy destruction (2.5704 kJ/sec) is significant compared to the exergy content of the incoming heat 
(1.2703 + 7.5624 = 8.8327 kJ/sec), there are substantial incentives to attempt to make improvement. 
The second case allows us to contrast the exergy losses within the thermochemical process network to “external” 
losses associated with how the thermal requirements of the system are met.  The exergetic destruction and exergetic 
efficiency for this case are therefore calculated as follows: 
ExDES-system = 2.9535 kJ/sec + 10.0 kJ/sec + ExTOT1 + ExTOT3 – ExTOT12 = 6.6916 kJ/sec 
εsystem = ExTOT12/(2.9535  kJ/sec + 10.0 kJ/sec + ExTOT1 + ExTOT3) = 0.8751 
The difference in the total exergy destruction for these two cases is substantial:  4.1212 kJ/sec.  This cannot 
readily be reduced through better thermal integration within the solar thermochemical process system; rather, 
reductions in this value would depend upon the source of heat that is ultimately selected for water vaporization and 
the temperature at which the reaction zone in the solar SMR is operated. 
5. Next steps 
Our next steps include evaluating on-sun experimental data from the TRL 4 system combined with sensitivity 
studies that further investigate Second Law effects within the thermochemical process system.  For example, while 
preliminary evaluations suggest that modest pressure drops within components will not reduce the exergetic 
efficiency of the process, we will want to examine this along with the absolute pressure at which the reactor is 
operated.  Also, we will want to consider changing the steam:carbon ratio, which may include substituting some 
carbon dioxide for water in the process feed, thereby reducing the thermal requirement for water vaporization, and 
improvements that we can make to the overall thermal integration of the lower-temperature components of the 
system. 
Our current goals for the TRL 5 system, which we expect to operate during 2014, include obtaining a solar-to-
chemical energy conversion efficiency of 74-75%.  However, we also remain aware that the best economic system – 
as with power generation facilities – is not always the system that obtains the highest efficiency.  Our companion 
investigations into the manufacturing methods and costs for assembling the solar SMR, which are chiefly focused on 
the costs of the micro- and meso-channel process technology, will help inform our design decisions as we advance 
from the current TRL 4 system to TRL 5 and TRL 6 versions over the next two years. 
6. Conclusions 
We are developing a solar thermochemical methane reforming system to upgrade the heating content of natural 
gas.  The approach builds upon previous efforts to develop CSP technologies and introduces a new element, the 
application of process-intensive MMPT systems.  The approach exploits the resource potential of carbon-neutral 
biogas and carbon-lean natural gas, adding to its energy content while not increasing its carbon emissions.  The 
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approach also builds on commercially available, highly efficient, low-cost natural gas combined-cycle power 
technologies. 
In addition to economic analysis that shows the potential to deliver electricity at costs that allow DOE to meet the 
LCOE target of 6¢/kWh, we are applying First and Second Law analyses to help guide the development.  The 
Second Law analysis of our TRL 3 system indicates good use of the thermodynamic potential of concentrated solar 
power.  It also helps identify areas where the process can be improved.  A leading area of potential improvement 
identified in the analysis is the water vaporizer.   The use of lower-cost solar collectors for steam generation, 
substituting carbon dioxide for water in the process, direct integration with the powerplant reheat, or chemical 
synthesis process are potential options.   As the designs progress, the Second Law analysis is expected to be a useful 
tool for evaluating specific design changes to the other leading sources of exergy destruction, the methane reforming 
reactor and high-temperature recuperator.  
Along with the deployment and cost reduction of commercial CSP systems and advancements in natural gas 
production, we believe MMPT applied to solar reforming provides an excellent near-term way of making 
concentrating solar power pandemic.   Understanding the sources of inefficiencies is a key to making this a reality. 
 
Acknowledgements 
The authors would like to acknowledge the US DOE Solar Energy Technologies Program and 
SolarThermoChemical LLC for funding and expert advice.  We would also like to acknowledge other staff that are 
part of the effort at the Pacific Northwest National Laboratory, at Oregon State University, at Barr Engineering and 
at Infinia Technology Corporation who are all important contributors and participants in the development of this 
hybrid approach to CSP generation. 
 
References 
[1] U.S. Department of Energy.  2012.  SunShot Vision Study.  February 2012. 
[2] Wegeng, RS, Brown, DR, Dagle, RA, Humble, PH, Lizarazo-Adarme, JA, TeGrotenhuis, WE, Mankins, JC, Diver, R, Palo, DR, Paul, B.  
Hybrid solar/natural gas power system.  Presented at and published in the proceedings of the 2013 International Energy Conversion 
Engineering Conference, July 2013. 
[3] Brown, DR, TeGrotenhuis, WE, Wegeng, RS, and Mankins, JC.  Solar powered steam-methane reformer economics.  Presented at and 
published in the proceedings of the 2013 SolarPACES conference, September 2013. 
[4] Wegeng RS, Palo, DR, Dagle, RA, Humble, PH, Lizarazo-Adarme, JA, Krishnan, S, Leith, SD,  Pestak, CJ, Qiu, S, Boler, B, Modrell, J,  and 
McFadden, G.  “Development and Demonstration of a Prototype Solar Methane Reforming System for Thermochemical Energy Storage – 
Including Preliminary Shakedown Testing Result.” Presented at and published in the proceedings of the 2011 International Energy 
Conversion Engineering Conference, July 2011. 
[5] Szargut, J, Morris, DR, Steward.  Exergy analysis of thermal, chemical and metallurgical processes.  Hemisphere Publishing Corporation and 
Springler-Verlag, 1988. 
[6] Wark, K.  Advanced thermodynamics for engineers.  McGraw-Hill, 1995. 
[7] Bejan, A, Tsatsaronis, G, Moran, M.  Thermal design and optimization.  John Wiley and Sons, Inc.  1996. 
